To clarify heterogeneity in Japanese adult-onset type 1 diabetes, we analyzed the HLA-DR and -DQ haplotypes, depending on the clinical phenotype, and compared them with those in childhood-onset type 1 diabetes (CO). The patients in a previously reported Ehime Study were divided into subgroups by the mode of onset of diabetes: 68 acute-onset type 1 diabetic patients (AO) and 28 slowly progressive type 1 diabetic patients (SO). HLA haplotypes were compared with those of 80 CO patients and 190 control subjects. Two major susceptible HLA haplotypes in the Japanese, DRB1*0405-DQB1*0401 (DR4) and DRB1*0901-DQB1*0303 (DR9), were significantly increased in the AO and CO groups, but only DR9 was increased in the SO group. AO subjects had a higher frequency of DR9 than CO subjects. Accordingly, the DR9:DR4 frequency increased with increasing age of onset. Another susceptible haplotype, DRB1*0802-DQB1*0302 (DR8), was involved only in the CO group. Analysis of haplotype combinations revealed that DR4 and DR9 had significant dosage effects on the AO and CO groups (P < 0.0001), but only DR9 had such an effect in the SO group (P < 0.03). These results suggest differences in the contribution of HLA class II haplotypes to susceptibility of type 1 diabetes depending on the clinical phenotype and also indicate that HLA class II haplotypes may be associated with the onset age of type 1 diabetes. Diabetes 53: 2684 -2690, 2004 T ype 1 diabetes is the result of a destruction of pancreatic ␤-cells and leads to complete insulin deficiency (1,2). Although type 1 diabetes is frequently considered to be a childhood disease and is characterized by a rapid progression to insulin dependency, the clinical onset of type 1 diabetes is not confined to children. Epidemiological data suggest that 30 -50% of type 1 diabetic patients may develop clinical signs of diabetes after age 20 years (3,4). Moreover, there is increasing evidence to indicate that type 1 diabetes, especially when developed in adulthood, is clinically and immunologically heterogeneous. Insulin secretion abruptly ceases in fulminant type 1 diabetes (5), whereas pancreatic ␤-cell function can be preserved for over a decade in some patients, a condition that is referred to as slowly progressive insulin-dependent diabetes (6) or latent autoimmune diabetes in adults (LADA) (7). Compared with our extensive knowledge of the epidemiological, clinical, and genetic characteristics of childhood-onset type 1 diabetes, our understanding of adult-onset type 1 diabetes is incomplete.
T ype 1 diabetes is the result of a destruction of pancreatic ␤-cells and leads to complete insulin deficiency (1, 2) . Although type 1 diabetes is frequently considered to be a childhood disease and is characterized by a rapid progression to insulin dependency, the clinical onset of type 1 diabetes is not confined to children. Epidemiological data suggest that 30 -50% of type 1 diabetic patients may develop clinical signs of diabetes after age 20 years (3, 4) . Moreover, there is increasing evidence to indicate that type 1 diabetes, especially when developed in adulthood, is clinically and immunologically heterogeneous. Insulin secretion abruptly ceases in fulminant type 1 diabetes (5), whereas pancreatic ␤-cell function can be preserved for over a decade in some patients, a condition that is referred to as slowly progressive insulin-dependent diabetes (6) or latent autoimmune diabetes in adults (LADA) (7) . Compared with our extensive knowledge of the epidemiological, clinical, and genetic characteristics of childhood-onset type 1 diabetes, our understanding of adult-onset type 1 diabetes is incomplete.
Susceptibility to type 1 diabetes is determined by both environmental and genetic factors. Although multiple genes have been implicated, HLA class II genes, especially the HLA-DR and -DQ genes, are most important and are estimated to account for ϳ50% of the susceptibility to the disease (8) . These HLA associations vary depending on geographic and ethnic origin (9) . It has been shown that Japanese type 1 diabetic patients have different HLA associations than Caucasian patients. In Caucasian populations, the DRB1*0301-DQB1*0201 and/or DRB1*04-DQB1*0302 haplotypes indicate a strong predisposition to type 1 diabetes, whereas the DRB1*1501-DQB1*0602 haplotype confers strong protection (2, 10, 11) . In the Japanese population, the DRB1*03-DQB1*0201 haplotype is nearly absent and the DRB1*04-DQB1*0302 is rare (12) . Instead, three haplotypes-DRB1*0405-DQB1*0401, DRB1*0802-DQB1*0302, and DRB1*0901-DQB1*0303-that are rare in Caucasian populations confer susceptibility to type 1 diabetes (6, (13) (14) (15) . Moreover, the DRB1*1502-DQB1* 0601 haplotype, which is rare in Caucasian populations, is a major protective haplotype, in addition to DRB1*1501-DQB1*0602.
For adult-onset type 1 diabetes, which follows a diverse clinical course after onset, little information is available concerning the immunogenetic background with reference to the clinical phenotype. In Caucasian populations, adultonset type 1 diabetes is characterized by a longer symptomatic period before diagnosis and a better preservation of ␤-cell function at the age of diagnosis compared with the childhood-onset variety (16) . The DR3/DR4 genotype, which is the highest indicator of risk in Caucasian type 1 diabetes, occurs at a higher frequency in cases of younger age of onset (16 -20) , whereas the heterogeneity of DRB1 is increased in subjects who are older at the time of diagnosis (18) . A lower frequency of DQB1*0201/ DQB1*0302 has been reported in LADA patients compared with typical type 1 diabetic patients (21) . In the Japanese population, patients with slowly progressive type 1 diabetes (6) and fulminant type 1 diabetes (5, 22, 23) show differences in HLA-DR or -DQ haplotype involvement compared with patients with typical acute-onset type 1 diabetes. It is not clear whether these clinical phenotypes, namely LADA, slowly progressive type 1 diabetes, and fulminant type 1 diabetes, represent a late or rapid manifestation of type 1 diabetes or distinct clinical entities. An analysis of immunogenetic background in relation to clinical phenotype would provide useful information on the nature of these subtypes.
The intent of this study was to clarify the immunogenetic characteristics, including the contribution of the genotypic combination of HLA class II haplotypes, in relation to clinical heterogeneity in Japanese adult-onset type 1 diabetes in comparison with those of childhoodonset type 1 diabetes.
RESEARCH DESIGN AND METHODS
Type 1 diabetes is defined by insulin deficiency resulting from the destruction of pancreatic islet ␤-cells and includes those cases attributable to an autoimmune process and those for which the etiology is unknown (24, 25) .
In this study, insulin secretion was examined in a total of 4,980 adult-onset (age Ͼ20 years) diabetic patients who were registered in the hospital-based Ehime study (26) . Insulin-deficient type 1 diabetic patients were divided into four groups according to the mode of onset of diabetes as reported by Kobayashi et al. (6) and Imagawa et al. (5) . In the case of the acute-onset type 1 diabetes (AO) group, insulin treatment was initiated within 3 months, and in the intermediate-onset group, insulin treatment was initiated between 3 and 12 months. In the slow-onset group, insulin treatment was initiated Ͼ12 months after the diagnosis of diabetes or the development of hyperglycemic symptoms. Also in this group, patients with the GAD antibody were diagnosed as having slowly progressive type 1 diabetes (SO), as reported by Kobayashi et al. (6) . Fulminant type 1 diabetes was diagnosed as reported by Imagawa A et al. (5) and excluded from the AO group. Of the 4,980 patients, 113 (2.3%) were diagnosed as having type 1 diabetes. Of these 113 patients, 104 (92%) could be classified according to the mode of onset: 52 (50%) were acute onset, 18 (17.3%) were intermediate onset, 25 (24%) were slow onset (20 of whom had the GAD antibody and were diagnosed as slowly progressive type 1 diabetic), and 9 (8.7%) had fulminant type 1 diabetes. Furthermore, 19 additional patients (11 in the AO and 8 in the SO groups) whose characteristics were confirmed by the above criteria were recruited. Therefore, a total of 63 AO patients and 28 SO patients were recruited in the analysis of the HLA class II genotyping.
The sex ratio (male/female) was 26/37 in the AO group and 14/14 in the SO group. The age of onset was 39.3 Ϯ 15.1 (range 20 -82) years in the AO group versus 46.9 Ϯ 14.0 (range 25-87) years in the SO group (P Ͻ 0.05 vs. AO group). The duration of diabetes before insulin treatment was 1.2 Ϯ 0.9 months in the AO group versus 60.8 Ϯ 57.7 months in the SO group (P Ͻ 0.05). The duration of diabetes at the examination was 10.7 Ϯ 7.6 years in the AO group and 14.6 Ϯ 10.3 years in the SO group. BMI at the examination was 21.3 Ϯ 2.3 kg/m 2 years in the AO group and 20.8 Ϯ 3.3 kg/m 2 in the SO group. Daily insulin dosage was 0.60 Ϯ 0.24 units/kg in the AO group and 0.58 Ϯ 0.32 units/kg in the SO group. The prevalence of a history of diabetic ketoacidosis was higher in the AO than in the SO group (50.8 vs. 8.3%; P Ͻ 0.05). GAD-Ab positivity at the time of examination in the AO group was 60.3%. In each group, all patients who were positive for the insulinoma-associated protein 2 autoantibodies were also GAD-Ab positive. We also confirmed the clinical characteristics of fulminant type 1 diabetes, as reported previously (5, 23) . To clarify the difference between each group in adult-onset type 1 diabetes, a comparison was made between the HLA class II frequency for the AO and SO groups and the childhood-onset type 1 diabetes (CO) group.
A total of 80 patients (age Ͻ18 years) in the CO group were recruited from the Ehime prefecture, some of whose clinical and immunogenetic characteristics have been already reported by Kida and colleagues (27, 28) . All these CO patients were considered to be acute-onset types based on the abovementioned criteria. The age of onset was 8.0 Ϯ 4.3 (range 1.0 -16.6) years and the sex ratio (male/female) was 39/41.
Serum C-peptide levels were measured in diabetic subjects 2 h after a standard breakfast (400 -600 calories of mixed meal) with the usual morning insulin injection or 6 min after a 1-mg intravenous glucagon load after an overnight fast (13, 29, 30) . The criterion for the insulin-deficient state was Ͻ0.33 nmol/l, as previously described (13, 29) , which was confirmed repeatedly before or at the time of the first registration and during follow-up over time.
The control group was comprised of subjects (128 men and 62 women) with a normal glucose tolerance, as assessed by a 75-g oral glucose tolerance test, with no history of diabetes among first-degree relatives. All patients and control subjects were informed of the purpose of the study and their consent obtained. The study was approved by the ethics committees of the Ehime University Hospital, Matsuyama Shimin Hospital, Ehime Prefectural Central Hospital, and Matsuyama Red Cross Hospital. Autoantibody assay. GAD-Ab was determined at the time of sampling by means of a commercially available radioimmunoassay kit (Cosmic, Tokyo, Japan), as previously described (26) . Insulinoma-associated protein 2 autoantibodies were determined by radioligand binding assays, as previously described (31) . HLA genotyping and C-peptide concentration. HLA-DRB1 and HLA-DQB1 were typed and serum C-peptide levels were measured, as previously described (26) . Statistical analysis. Results are given as means Ϯ SD, unless otherwise indicated. The 2 test or Fisher's exact probability test was used to determine the statistical significance of differences between group frequencies. Group comparisons of the levels of clinical parameters were analyzed by the Mann-Whitney U test. The prevalence of the DRB1 and DQB1 genotype in the four clinical phenotype groups was assessed relative to their prevalence in the 190 control subjects. The phase or pair of DRB1-DQB1 haplotypes in each subject was inferred manually based on the linkage disequilibrium between the two loci. In the analysis of haplotype combination, increases in prevalence were assessed relative to the prevalence of the neutral genotype combination (X/X) ( Table 3 ), assuming that X/X represents a stable neutral denominator that would be expected to have a similar prevalence in diabetic patients and control subjects (32) . The haplotype and genotype frequencies were compared by a 2 test based on a 2 ϫ 2 table. To confirm the association between the DRB1-DQB1 haplotype detected by the 2 test and acute onset, slow onset, or childhood onset, the relative predispositional effects (RPE) method (33) was also applied. P Ͻ 0.05 was considered to be statistically significant.
RESULTS
Frequency of HLA DRB1-DQB1 haplotypes. Among the type 1 diabetesϪsusceptible DRB1-DQB1 haplotypes reported in the Japanese population, DRB1*0405-DQB1* 0401 (DR4) and DRB1*0901-DQB1*0303 (DR9) were significantly more frequent in the AO group than in control subjects (Table 1 ). In the SO group, the DR9 haplotype was more frequent compared with in control subjects, but the difference was not significant. In the CO group, in addition to the DR4 and DR9 haplotypes, the frequency of another type 1 diabetesϪsusceptible haplotype, DRB1*0802-DQB1*0302, was significantly increased compared with that in control subjects. When the AO and CO groups were compared, the DR9 haplotype was significantly more frequent in the AO group (P Ͻ 0.002). Furthermore, DRB1*1302-DQB1*0604 in the AO group, DRB1*1101-DQB1*0301 in the SO group, and DRB1*1101-DQB1*0302 in the CO group were signifi -TABLE 1 Haplotype frequency of HLA DRB1-DQB1 in Japanese patients with type 1 diabetes and control subjects 34 (27) 11 (19.6) 53 (33) 43 ( cantly increased compared with in control subjects. All these results were confirmed by the RPE method (data not shown). Table 2 ). In the CO group, a similar, but slightly weaker dosage effect of DR4 and DR9 was observed (the OR for DR4/X and DR9/X was 27.8 and 10.2, respectively, and for DR4/DR4 and DR9/DR9 was 49.2 and 29.5, respectively). For the DR8 haplotype combination, the heterozygote (DR8/X) was significantly more frequent in the CO group compared with in control subjects and showed a high OR. It is noteworthy that, when combined with the DR4 or DR9 haplotypes, the DR8 haplotype combination, especially the DR4/DR8 in the CO group, showed a higher OR than each heterozygote (DR4/X, DR9/X, or DR8/X) and was even higher than those of the homozygote (DR4/DR4 or DR9/ DR9). Similar, but weaker effects of the DR8 combination, DR4/DR8 or DR9/DR8, were observed in the AO group. In the SO group, the heterozygote of the DR9 haplotype (DR9/X) showed a slightly elevated OR (2.0) and the homozygote of the DR9 haplotype (DR9/DR9) showed a significantly higher OR (6.3, 95% confidence interval [CI] 1.17-34.3) than that of the heterozygote (DR9/X). In the DR8 haplotype, the DR4/DR8 combination showed a high OR (8.43, CI 1.02-69.58) compared with X/X. Of note is the fact that 25% of patients in the SO group possessed a neutral haplotype combination (X/X), a significantly higher percentage than that found in the AO group (3.2%; P Ͻ 0.005).
Because the OR differed between the heterozygote and homozygote of DR4 and DR9 haplotype, the dosage effect of these haplotypes (i.e., the number of haplotypes in each subject) was assessed by Armitage's trend test. The DR4 and DR9 haplotype showed a significant dosage effect in the AO and CO groups (P Ͻ 0.0001), and only DR9 showed a significant dosage effect in the SO group (P Ͻ 0.03). On the other hand, the DR8 haplotype showed a dosage effect only in the CO group (P Ͻ 0.0001). Frequency of DRB1-DQB1 haplotype with respect to onset age in acute-onset type 1 diabetes. Although the clinical phenotypes for the AO and CO groups had a similar acute onset, the participation of the DR4 and DR9 haplotypes was different between these groups (P Ͻ 0.05) (Table 3) . Therefore, the frequency of the DR4 and DR9 haplotypes with respect to onset age was examined. AO and CO subjects were combined as acute-onset type 1 diabetes and divided by onset age into three groups (ages 1-18, 20 -49, and Ն50 years); the haplotype frequency was then compared between each group. The frequencies of DR9 and DR4 were significantly different between these groups (P Ͻ 0.05). The ratio of the DR9/DR4 haplotype frequency increased with onset age. Therefore, DR9 was a major contributory haplotype in subjects in the late-onset AO group. The DR8 haplotype was mainly found in the CO group and was not observed in patients who developed acute-onset type 1 diabetes after age 36 years.
DISCUSSION
This hospital-based study demonstrated 1) the frequency of a clinically heterogeneous group in adult-onset type 1 diabetes, and 2) the different contributions of type 1 diabetesϪsusceptible HLA class II haplotypes DR4 (DRB1* 0405-DQB1*0401), DR9 (DRB1*0901-DQB1*0303), and DR8 (DRB1*0802-DQB1*0302) to adult-onset and childhood-onset type 1 diabetes. Frequency of the clinically heterogeneous group of adult-onset type 1 diabetes. In the previous hospitalbased Ehime study, we observed that 2.3% of adult-onset diabetes was insulin-deficient type 1 diabetes (26) . The results of the present study indicate that the AO group (classical type 1 diabetes) accounted for ϳ50% of the adult-onset type 1 diabetic patients, the fulminant type 1 diabetes for ϳ10%, and the SO group for ϳ25%. These data are not consistent with previously reported characteristics of adult-onset type 1 diabetes (16), as Ͼ50% of the cases of adult-onset type 1 diabetes rapidly progressed to insulin deficiency. In a nationwide survey in Japan, the frequency of fulminant type 1 diabetes was reported to be ϳ20% of the cases of acute-onset type 1 diabetes (34), most of which were adult-onset diabetes. These data are consistent with the present data because the frequency of fulminant type 1 diabetes was 14.1% among the AO plus fulminant diabetic patients, whereas no case was found among the CO group. Our findings in the SO group are also consistent with a previous report in which ϳ20% of type 1 diabetes was reported as being slow onset (6) . Different contribution of HLA DRB1-DQB1 haplotype to age of onset. HLA DR4, DR9, and DR8 haplotypes have been reported to confer susceptibility to type 1 diabetes in the Japanese population (6, (13) (14) (15) . The acuteonset type of both adult-onset and childhood-onset type 1 diabetes is considered to be classical type 1 diabetes. However, we observed differences in the contribution of the HLA-DR haplotype between these two groups (Tables  1-3) , as the contribution of the DR9 haplotype increased with higher onset age and the involvement of the DR8 haplotype was mainly observed in the CO group.
No reports have appeared to date regarding the relation between the genetic background of Japanese type 1 diabetes and the age of onset. Some disagreements on Japanese type 1 diabetesϪsusceptible HLA class II haplotypes can be found in previous reports. The average age of onset of the patients examined was low in the reports of Kobayashi et al. (age 21.6 years) (6) and Kawabata et al. (age 16.1 years) (15), who found a significant susceptibility to DR4, DR9, and DR8. These findings are in general agreement with those for the CO group in this study. Concerning the DR9 haplotype, Awata et al. (13) showed a neutral or weak preposition effect, as they analyzed patients with a younger age of onset (age 26.4 years). The average age of onset of the patients was relatively high in the report of Tanaka et al. (34.2 years old) (22) , and as a result, that group did not report a susceptibility to DR8. Taken together, the variation in onset age in the patient population examined might explain the differences in Japanese type 1 diabetes susceptible haplotypes reported to date.
Onset ageϪdependent HLA class II heterogeneity has been reported for Caucasian populations. The percentage of the DQB1*0201/DQB1*0302 (DR3/DR4) heterozygote, the most susceptible haplotype combination in Caucasian populations, decreases with age of onset (16, 17) . Conversely, the proportion of non-DR3/non-DR4 patients increases in older-onset type 1 diabetes. Caillat-Zucman et al. (17) reported that 26% of typical type 1 diabetes occurring after age 30 years is non-DR3/non-DR4; that is, it lacks any strong susceptible HLA class II haplotypes. However, the present study showed that only 6.4% of the AO group did not have type 1 diabetesϪsusceptible HLA class II haplotypes. It is noteworthy that in the SO group, 28.6% of the patients did not have a susceptible HLA class II haplotype. These discrepancies may be due to the fact that the previous reports (16, 17) might not have strictly categorized the clinical phenotype of adult-onset type 1 diabetes, or that ethnic differences that could influence the HLA class II haplotype in adult-onset type 1 diabetes might be present. Different contribution of genetic combination of HLA DRB1-DQB1 haplotype to adult-and childhood-onset type 1 diabetes. The DR4 and DR9 haplotypes in the AO group showed dosage-dependent effects. A similar but weaker phenomenon, the higher OR in the homozygote of susceptible haplotypes than in the heterozygote haplotypes, was observed in the CO group. In Caucasian populations, such dosage effects of each susceptible haplotype have not been observed to date, because DR3/DR4 heterozygous effects are so strongly linked to susceptibility to type 1 diabetes (35-37). Kawabata et al. (15) reported differences in the effects of DR4 and DR9 haplotypes on the development of type 1 diabetes, with a dominant-like effect for the DR4 haplotype and a recessive-like effect for the DR9 haplotype. They did not find susceptibility to type 1 diabetes in DR9 heterozygotes. These discrepancies may be due to differences in onset age because those investigators analyzed mainly childhood-onset patients but also included some adult-onset patients (mean age 16.1 Ϯ 12.4 years, range 2-59 years), as described above.
The DR4/DR9 genotype showed a higher susceptibility (OR 29.5) compared with the heterozygote of DR4 or DR9 in the AO group, but not as strong as the homozygote of these haplotypes. Similar results were obtained for the CO group. These results are inconsistent with those for Cau- In the SO group, the DR9 haplotype combination (DR9/ DR9, DR9/X) was related to type 1 diabetes susceptibility. Moreover, patients with a neutral haplotype combination (X/X) made up 25% of the SO group, which was more frequent than that of the AO group (3.2%). Kobayashi et al. (6) reported an involvement of the DR4 haplotype in the slow-onset type. It is possible that differences in patient selection might have affected these discrepancies. In Caucasian populations, type 1 diabetic patients who possess DR3 without DR4 are reported to be associated with a phenotype with slower onset (38) . Tuomi et al. (21) reported a lower frequency of DQB1*0201/DQB1*0302 in LADA patients compared with typical type 1 diabetic patients. We also reported a lower frequency of type 1 diabetesϪsusceptible haplotypes in GAD-Ab-positive non-insulin-deficient diabetic patients (26) . Although the SO group was not the same as their LADA subjects because all the patients were in an insulin-deficient state in this study, differences in the participation of the type 1 diabetesϪsusceptible HLA haplotype, namely less involvement of the strong susceptible genotype, might exist in both Caucasian and Japanese slow-onset phenotypes of type 1 diabetes. Possible effect of HLA class II antigen on onset of type 1 diabetes. The most plausible explanation for the association of the specific HLA class II antigen with autoimmune diseases involves the direct role of the HLA molecule in specific peptide antigen binding and presentation to CD4ϩ T-cells. Different HLA-DR/DQ molecules might have different binding affinities to disease-associated peptides (39) . The presentation of these peptides by an antigen-presenting cell (APC) occurs when many class II molecules may be occupied by autologous peptides. T-cells are activated by APCs that express as few as 210 -340 specific peptide/class II complexes (40) . The class II molecules on APCs may be more highly expressed in homozygotes than in heterozygotes, and they could bind more disease-associated peptides, resulting in a higher risk for development of type 1 diabetes, as was observed in the present study. In acute-onset type 1 diabetes, the contribution of the DR9 haplotype increases with increasing age at onset. Furthermore, only DR9 is associated with slowly progressive type 1 diabetes. These results indicate that DR9 might be related to the slow progression of ␤-cell destruction, resulting in late-onset type 1 diabetes or slowly progressive type 1 diabetes. On the other hand, DR4 might be related to the early onset of type 1 diabetes. The age-related association of HLA class I molecules has been observed in Japanese young-onset type 1 diabetic patients (mean age 17.4 Ϯ 12.4 years) (41) , whereas the association of HLA class II molecules with ␤-cell destruction has been reported in childhood-onset type 1 diabetes (42) . However, the issue of whether or not the HLA class I or II molecule is associated with the onset age or ␤-cell destruction in adult-onset type 1 diabetes has not been addressed.
In summary, the present study revealed the clinical and immunogenetic heterogeneity of adult-onset type 1 diabetes, more than half of which cases were acute onset. DR9 confers susceptibility to late-onset type 1 diabetes or slowly progressive type 1 diabetes, whereas DR4 shows involvement in early-onset type 1 diabetes. These results suggest that the HLA class II haplotype is an important factor in determining the age of onset of type 1 diabetes.
